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DIAMOND FILMS AND METHODS OF MAKING DIAMOND FILMS 

FIELD OF INVENTION 

[0001] The present invention relates to plasma assisted chemical vapor deposition of 
films and coatings. 

BACKGROUND 

[0002] Carbon exists in several forms (allotropes) which are significantly different in 
physical and chemical properties. Carbon can exist in the diamond or graphite crystal 
forms, as well as several amorphous form, such as coal, coke, carbon black, and charcoal. 

Carbon can also exist in polymeric forms such as plastic. 

[0003] Diamond-like carbon (DLC) films comprise a nano-crystalline diamond matrix 
with polymeric and/or graphite inclusions. Due in part to their hardness, wear resistance, 
capacity for electrical insulation, and infirared optical properties, DLC films can be used 
in a wide range of applications including protective coatings for a variety of sensitive 
surfaces, and infirared anti-reflective coatings on germanium or other suitable materials. 

[0004] A range of techniques have been developed to deposit DLC films on 
substrates. For example, radio-fi-equency (RF) plasma-assisted carbon vapor deposition, 
sputtering, and ion-beam sputtering have been used. Furthermore, a variety of different 
carbon-bearing source materials, i.e., solid or gaseous, have also been used in an attempt 
to provide improved DLC films. However, these techniques may not provide films 
which exhibit thermal stability, visible transparency, thermal conductance, and hardness 
approaching that of diamond. 

[0005] Desirable properties, such as hardness, scratch and wear resistance, high 
thermal conductivity, visible transmittance, and electrical insulation are generally 
reduced or even destroyed in a DLC film by the presence of polymeric and/or graphite 
inclusions. Polymeric inclusions represent defects in the DLC film where carbon- 
hydrogen bonds exist. Polymeric inclusions can reduce the hardness of a DLC film, 
reduce heat conduction, and scatter light. Graphite inclusions represent localized islands 
or regions in the diamond matrix of a DLC film where carbon is in its graphite crystal 
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structure rather than the more ordered diamond crystal structure. Graphite inclusions can 
reduce the visible optical transparency, the hardness, the thermal conductivity, the 
mechanical shock resistance, and the electrical breakdown threshold of a DLC fibn. 

[0006] As a result, there is a need for films comprising a nano-crystalline diamond 
matrix that is substantially free of graphite inclusions. There is also a need for methods 

for depositing the same onto a substrate such that the films may be fabricated at ambient 
temperature, at low cost, and/or be deposited onto complex substrate shapes. 

SUMMARY OF THE INVENTION 

[0007] The present invention relates to plasma assisted chemical vapor deposition of 
films and coatings. The films of the present invention comprise a nano-crystalline 
diamond matrix, wherein the nano-crystalline diamond matrix is substantially free of 
graphite inclusions. The present invention also provides a substrate at least partially 
coated with a film comprising a nano-crystalline diamond matrix, wherein the nano- 
crystalline diamond matrix is substantially free of graphite inclusions. 

[0008] The present invention also provides a method of depositing a film on a 
substrate comprising: (a) providing a plasma chamber containing a substrate, a radio 
frequency electrode, and a gas mixture, wherein the gas mixture comprises a hydrocarbon 
gas having a first partial pressure and a noble gas having a second partial pressure; (b) 
inducing a plasma in said gas mixture by transmitting a radio frequency from the radio 
frequency electrode; (c) producing a DC bias vohage on the radio frequency electrode; 
and (d) operating at a DC bias voltage that substantially precludes the formation of a 
plasma ion capable of causing a region of a nano-crystalline diamond matrix within a 
forming film to allotrope when the plasma ion collides with the film. 

[0009] Suitable substrates that may be coated with films of the present invention 
include materials that naturally contain carbon or can easily react with carbon. Examples 
of suitable substrates include plastics, metals that can react to form stable carbides, and 
other materials that form stable carbides such as silicon and germanium. Materials whose 
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performance may benefit from coating include optical lenses, magnetic disk heads, 
integrated circuits, various aircraft components such as turbine blades or critical bearings, 
electronic circuit boards, semiconductor devices, solar energy panels, automobile 
cylinder sleeves, and medical implants. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 is a schematic diagram of the chemical vapor deposition apparatus. 

[0011] FIG. 2 is a wavelength vs. % transmission graph for a 40.5 nm thick film of the 
present invention. 

[0012] FIG. 3 is an infrared transmission of 121.5 nm thick film on glass showing 
C-H absorption peaks at 2930 and 2880 cm"^ wave numbers, compared to estimated glass 
absorption curve. 

[0013] FIG. 4 is an infrared transmission of 162.0 nm film on glass showing C-H 
absorption peaks at 2930 and 2880 cm'* wave numbers, compared to estimated glass 
absorption curve. 

[0014] FIG. 5 is an infrared transmission of 40.5 nm thick film on glass showing C-H 
stretching absorption peaks at 2930 and 2880 cm"* wave numbers. 

[0015] FIG. 6A is an atomic force micrograph image of a film of the present invention 
on silicon showing diamond crystallites of size between 10 and 50 nanometers. 

[0016] FIG. 6B is a height profile graph of a cross-section of a film of the present 
invention taken from the atomic force micrograph image of 6A. 

[0017] FIG. 7 A is an atomic force micrograph image of a film of the present invention 
on silicon showing diamond crystallites of size between 10 and 50 nanometers. 

[0018] FIG. 7B is a height profile graph of a cross-section of a film of the present 
invention taken from the atomic force micrograph image of 7A. 
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DETAILED DESCRIPTION 

[0019] The present invention provides films and substrates coated therewith wherein 
the films comprise a nano-crystalline diamond matrix that is substantially fi-ee of graphite 
inclusions. The present invention also provides methods for depositing such films onto a 
substrate. 

[0020] Films comprising a nano-crystalline diamond matrix can be formed in a plasma 
chamber by feeding radio-fi-equency (RF) energy to an electrode system in the presence 
of a hydrocarbon gas and a noble gas carrier. A negative DC voltage is produced on the 
RF electrode by the action of the RF energy on the plasma. Energetic electrons in the 
plasma cause molecules of the hydrocarbon gas to disassociate according to modes that 
are determined by the type of hydrogen gas. The disassociation of a hydrocarbon gas 
molecule produces atoms of carbon, hydrogen, and also fi'agments of the original 
molecule. Some of the atoms and fi-agments are ionized. Positively charged carbon 
atoms are attracted to the negatively charged RF electrode, and a carbon film is formed. 
The crystal structure of regions of the film may be in various forms, such as, but not 
limited to, graphite, diamond, or the polymeric form. 

[0021] Previous methods to prepare DLC films provided films comprising a nano- 
crystalline diamond matrix having graphite and/or polymeric inclusions. The crystal 
structure of a nano-crystalline diamond region of a DLC film is in a lower state of 
entropy relative to the crystal structure of a graphite region. Nano-crystalline diamond 
regions of a forming DLC film can be transformed into graphitic regions if enough 
energy and momentum is provided to the diamond crystallized structure to overcome the 
barrier to allotropy. For example, the impact of plasma ions with a forming DLC film 
can cause regions of a nano-crystalline diamond matrix of a DLC film to allotrope to the 
graphite form. 

[0022] Films of the present invention are prepared using methods that limit the ion 
bombardment energy in the film forming process to values that substantially preclude the 
formation of plasma ions capable of coUiding with the forming film and causing a region 
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of a nano-crystalline diamond matrix within a foraiing film to allotrope to the graphite 
forai. As a result, the nano-crystalline diamond matrices of the films of the present 
invention are substantially free of graphite inclusions. 

[0023] The energy of ion bombardment may be limited by restricting the negative DC 
bias present on the electrode to values that preclude the bombardment of ions having 
enough energy to cause regions of a nano-crystalline diamond matrix of a film to 
allotrope to the graphite form. The momentum of the bombarding ions may be partially 
controlled by employing a noble gas carrier with a mass similar to or below the mass of 
atomic carbon. Systems using lighter noble gases, such as Ne and He, may allow the use 
of higher voltages as compared to systems using heavier noble gases, such as Xe, Ar, and 
Kr, and still substantially preclude the formation of plasma ions capable of causing 
regions of a nano-crystalline diamond matrix of a film to allotrope to the graphite form. 

[0024] As used herein, the term "substantially free of graphite" includes the complete 
absence of graphite and an amount of graphite that is not readily detectable by ordinary 
infrared, transmission electron microscopy, and atomic force micrograph methods, such 
as those methods used to prepare data displayed in Figures 2-7. An amount of graphite 
that is not readily detectable by ordinary infrared, transmission electron microscopy, and 
atomic force micrograph methods is less than 3 weight percent of graphite. Li an 
embodiment, the amount of graphite that is not readily detectable is less than 1 weight 
percent. 

[0025] As used herein, substantially precluding the formation of plasma ions capable 
of causing regions of a nano-crystalline diamond matrix of a fihn to allotrope when the 
plasma ion collides with the film includes the complete absence of such ions and an 
amount of ions capable of causing regions of a nano-crystalline diamond matrix of a film 
to allotrope wherein the nano-crystalline diamond matrix formed is substantially fi-ee of 
graphite. 

[0026] Referring now to FIG. 1 , a diagram of a chemical vapor deposition (CVD) 
apparatus 8 is provided that can be used to deposit a film of the present invention. The 
apparatus 8 includes a plasma chamber 10 having a throttle valve 1 1 which separates the 
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plasma chamber 10 from a vacuum pump not shown. A cathode 19 is mounted to the 
plasma chamber 10 and is isolated therefrom by a dielectric spacer 20. The cathode 19 
can be heated. Nitrogen gas passes through the heater 17, flows through the cathode 19, 
and exhausts through the tube 16. The RF connection to cathode 19 is between the 
cathode 19 and the match box 13. A substrate 15 is secured to the cathode 19. The 
cathode 19 is electrically connected to a radio frequency source 14 which may be 
regulated, and the impedance between the cathode 19 and the radio frequency source 14 
is equalized by utilizing match box 13. 

[0027] The plasma chamber 10 also contains conduits 21 and 22 for introducing 
various gases into the plasma chamber 10. For example, a hydrocarbon-noble gas 
mixture can be introduced into the reactor chamber 10 through conduit 21 while a gas, 
such as Ar, for cleaning the substrate can be introduced through conduit 22. 

[0028] The hydrocarbon gas usefiil as a source of carbon cations must be capable of 
forming a plasma at the reaction conditions employed by the present process. The term 
hydrocarbon implies that the compound consists of carbon and hydrogen atoms. In one 
embodiment of the invention, a saturated hydrocarbon compound is used. In another 
embodiment, an unsaturated hydrocarbon compound is used. A saturated hydrocarbon 
compound contains only carbon single bonds, and an unsaturated hydrocarbon compound 
contains carbon double or triple bonds. Suitable hydrocarbons contemplated by the 
present process include alkanes, alkenes, and alkynes. Mixtures of hydrocarbon gases 
may also be used. 

[0029] Alkanes are hydrocarbon compounds that contain only single bonds between 
carbon atoms. Alkanes suitable as a hydrocarbon gas include methane, ethane, propane, 
and butane. 

[0030] Alkenes are hydrocarbon compounds that contain a carbon-carbon double 
bond. Alkenes suitable as a hydrocarbon gas include ethene, propene, and n-butene. 
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[0031] Alkynes are hydrocarbon compounds that contain a carbon-carbon triple bond. 
Alkynes suitable as a hydrocarbon gas include acetylene, propylene, 1-butylene, and 2- 
butylene. 

[0032] In an embodiment, the hydrocarbon compound comprises acetylene. In 
another embodiment, the hydrocarbon compound comprises ethylene. 

[0033] In addition to introducing a hydrocarbon gas into the plasma chamber 10, a 
noble gas is also introduced. Noble gases include xenon (Xe), krypton (Kr), argon (Ar), 
neon (Ne), and helium (He). 

[0034] While methods using Ar can provide films substantially free of graphite 
inclusions, it is expected that methods using Ne and/or He can provide a film that is 
substantially free of any graphite inclusions while operating at higher voltages than 
methods using Ar or heavier nobles gases. As previously discussed, the impact of plasma 
ions with a nano-crystalline diamond matrix of forming film can cause a nanocrystaUine 
diamond region to allotrope to graphite. The reduced momentum of a Ne or He ion 
colliding with a forming film as compared to heavier noble gas ions at the same voltage 
can allow greater voUages to be used and still substantially preclude the formation of 
plasma ions capable of causing regions of a nano-crystalline diamond matrix of a film to 
allotrope when the plasma ion collides with the film. 

[0035] Suitable substrates that may be coated with the film of the present invention 
include materials that naturally contain carbon or can easily react with carbon. Examples 
include plastics; metals that can react to form stable carbides; other materials that form 
stable carbides such as silicon and germanium. Materials whose performance may 
benefit from coating include optical lenses, magnetic disk heads, integrated circuits, 
various aircraft components such as turbine blades or critical bearings, electronic circuit 
boards; semiconductor devices, solar energy panels, automobile cylinder sleeves, and 
medical implants. 

[0036] The method of the present invention can be used to coat substrates that are 
incompatible with high temperature methods of the prior art. The substrate and the 
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plasma atmosphere of the plasma chamber can remain at ambient temperature during the 
deposition process. 

[0037] The substrate to be coated may be any shape or size provided that the substrate 
may be placed in a chamber similar to the plasma chamber 10 of the CVD apparatus. 
Thus, regular or irregular shaped objects having any dimension may be used in the 

present invention. In an embodiment, a substrate suitable for coating is one that does not 
have narrow or deep indentations or one that does not have short radius negative surfaces. 

[0038] The substrate is mounted on an RF cathode inside the reaction chamber of the 
CVD device. The reaction chamber is then sealed and evacuated until a pressure of about 
5x10"^ to about 1x10"^ Torr is obtained. A cryogenic pump is suitable to initially 
evacuate the reaction chamber and to evacuate the reaction chamber during the deposition 
process. But, a cryogenic pump can not remove hghter gases, such as H2 (created during 
the deposition process), He or Ne. A pump operable to remove H2, Ne, and/or He gases 
from the plasma chamber is preferred. One example of a pump operable to remove H2, 
Ne, and/or He gases is a diffusion pump. Another example of a pump capable of 
removing H2, Ne, and He is a turbomolecular pump. A commercially available example 
of a turbomolecular pump operable to remove H2, Ne, and/or He gases from the plasma 
chamber is Model PPU 52 IC manufactured by Pfeiffer Vacuum Company. 

[0039] By using a pump operable to remove H2 from the plasma chamber 10, the 
amount of polymeric inclusions can be reduced relative to similar methods using a pump 
incapable of removing H2. 

[0040] The total pressure (the sum of the partial pressures of the hydrocarbon and the 
noble gases) of the plasma chamber 10 during the deposition process is determined by 
various factors such a desired deposition rate, thickness uniformity, or other process 
variables. It is expected that as the ratio of the partial pressure of the noble gas to the 
partial pressure of the hydrocarbon gas increases, the intrinsic film stress will change 
from tensile to compressive stress. By finding the optimum ratio of partial pressures, a 
stress-free film may be formed. In some applications, a film having compressive stress 
may be desired. For example, the rotors of helicopters could benefit from a coating 
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having a compressive film because the impact of raindrops or sand will momentarily 
instill a local tensile stress on the film. Residual compressive stress in the film can 
counteract the momentary local tensile stress on the film and reduce damage to the 
coating and/or the rotor. 

[0041] In other applications a film fi-ee of mechanical stress may be desired. For 
example, films can be used to coat a semiconductor chip for protection and to conduct 
away heat. Films used to coat a semiconductor could be required to have no intrinsic 
stress (i.e., stress free) since a film coating a semiconductor having intrinsic stress could 
damage or change the electrical properties of the semiconductor. 

[0042] Relative to a partial pressure ratio that provides a film with no intrinsic stress, a 
smaller noble gas/hydrocarbon gas ratio will provide films having tensile stress, and 
larger ratios will provide films having compressive stress. Through experimental 
determinations known to one of ordinary skill in the art, one may determine the partial 
pressure ratio that provides a stress fi-ee film. For example, depositing a film at various 
partial pressure ratios on flexible substrates and observing the curvature of the substrates 
would provide the necessary information to determine the partial pressure ratio that 
provides a stress free film. 

[0043] The partial pressure ratio of the gases in the plasma chamber may be adjusted 
by changing the rate of addition of the hydrocarbon and/or noble gas. 

[0044] The temperature of the substrate during deposition is limited only by the 
thermal stability of the substrate and the desired characteristics of the film. In an 
embodiment, the temperature of the substrate is not controlled during the deposition 
process. In another embodiment, the substrate is cooled during the deposition process. 
In another embodiment, the substrate is heated during the deposition process. 

[0045] Depending on the type of substrate used, the material may or may not be 
subjected to in-situ plasma cleaning prior to depositing the film. 

[0046] Suitable cleaning techniques employed by the present invention include H2, 
Ar, O2 and N2 plasma sputter cleaning techniques. In an embodiment, the plasma sputter 
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etching technique uses the same noble gas used during the deposition process. Plasma 
sputter cleaning is conducted at voltages above values that substantially preclude the 
formation of plasma ions capable of striking the forming DLC films and the voltage is 
lowered to such values after plasma sputter cleaning the substrate. 

10047] The RF frequency of the electrode is operable to form a plasma from the 
mixture of hydrocarbon gas and noble gas. The range of suitable RF fi'equencies is from 
about 0.5 MHz to frequencies in the GHz range. In an embodiment, a suitable RF 
frequency is from about 0.5 MHz to about 1.0 GHz. In another embodiment, the RF 
frequency is 13.57 MHz. 

[0048] The hydrocarbon gas and noble gas are introduced into the plasma chamber 10 
at a flow rate operable to provide a targeted total pressure and partial pressure ratio. In an 
embodiment, the flow rate of the gases into the plasma chamber 10 is operable to provide 
a targeted total pressure that ranges from about 10 millitorr to about 25 millitorr. In an 

embodiment, the flow rate of the gases into the plasma chamber is 150 seem for the 
hydrocarbon and 300 seem for the noble gas. 

[0049] The RF power level during the deposition process is adjusted to provide a DC 
bias voltage low enough to substantially preclude the formation of plasma ions capable of 
causing a region of a nano-crystalline diamond matrix within a forming film to allotrope 
when the plasma ion collides with the film. 

[0050] Such a bias voltage for a particular chamber or system can be determined by 
lowering the bias voltage progressively through a number of depositions. The visible 
transparency will steadily improve as the number of graphitic inclusions declines. Once 
the general range of bias voltage is determined, infrared absorption measurements of 
films of the type shown in Figures 3-5 above can aid in fiirther determining the voltage 
level below which the formation of plasma ions capable of causing a region of a nano- 
crystalline diamond matrix within a forming film to allotrope when the plasma ion 
collides with the film is precluded. Figures 2-5 are infrared absorption graphs of films of 
various thicknesses. The infrared absorption peaks in these figures between 3200 cm"^ 
and 2600 cm'^ of the films are at 2930 cm"^ and 2880 cm'* only. One would expect 
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infrared absorption peaks at 2980 cm ' and 3100 cm"' if graphite inclusions were present 
in the films in Figures 3-5. 

[0051] In one embodiment where the hydrocarbon gas is acetylene and the noble gas 
is Ar, the voltage is about 60 volts through out the deposition process. Li other 
embodiments where the noble gas is lighter than Ar, it is expected that the bias voltage 
could be higher and still substantially preclude the formation of plasma ions capable of 
causing a region of a nano-crystalline diamond matrix within a forming film to allotrope 
when the plasma ion collides with the film. 

[0052] The thickness of a film deposited on a substrate is determined by various 
factors such as the flow rate of hydrocarbon gas into the plasma chamber, the partial 
pressure of the hydrocarbon gas in the plasma chamber the bias voltage, and the 
deposition time. 

[0053] The time necessary to achieve a certain thickness under a certain set of 
conditions (system pressure, bias vohage, and hydrocarbon gas partial pressure) can be 
determined by making a number of samples at the bias voltage of interest and at various 
deposit times and measuring the thickness versus the deposit time. In an embodiment of 
the present invention, films having a thickness of between 40 nm and 1000 nm can be 
prepared. 

[0054] The surface of the films of the present invention may also approach atomic 
smoothness. In an embodiment, the average root mean square surface roughness of a 
film is less than 5.00 nm. In another embodiment, the average root mean square surface 
roughness is less than 2.00 nm. In another embodiment, the average root mean square 
surface roughness is less than 1.50 nm. 

[0055] Films of the present invention can vary in hardness. One factor that can reduce 
hardness is the amount of polymeric inclusions in the nano-crystalline diamond matrix of 
the film. It is expected that as the amount of polymeric inclusions increase the hardness 
of the film decreases. Conversely, it is expected that as the amount of polymeric 
inclusions decrease the hardness of the film increases with the upper limit being the 
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hardness of pure diamond crystal. In an embodiment, a film ranges in hardness from 18 
GPa to 90 GPa. In another embodiment, a film has a hardness of at least 60 GPa. In 

another embodiment, a film has a hardness of between 60 GPa and 90 GPa, In another 
embodiment, a film has a hardness of between 65 GPa and 90 GPa. 

[0056] Films of the present invention can vary in thermal stability. One factor that 
can reduce thermal stability is the amount of polymeric inclusions in the nano-crystalline 
diamond matrix of the film. It is expected that as the amoxmt of polymeric inclusions 
increases the thermal stability of a film decreases. Conversely, it is expect that as the 
amount of polymer inclusions decreases the thermal stability of a film increases. In an 
embodiment, a film is thermal stable at 450 °C or higher. In another embodiment, a film 
is thermally stable at 550 °C or higher. In another embodiment, a film is thermally stable 
at 650 °C or higher. 

EXAMPLES 
General Procedure 

[0057] The substrate, a piece of clear polycarbonate, was attached to the RF electrode 
of the CVD apparatus 8. The system was closed, and the plasma chamber 10 was 
evacuated to a pressure below about 1x10"^ Torr. The throttle valve was adjusted so that 
the pumping was reduced, and Ar was introduced into the plasma chamber 10. The gas 
rate of flow was increased until the system pressure rose to about i4 of the target pressure 
of 20 microns. 

[0058] The RF power was introduced to ignite the plasma system, and the RF level 
(voltage) was adjusted until the self-induced DC bias voltage caused by the action of the 
RF plasma rose to the level capable of plasma sputter cleaning the substrate (300 volts). 
The substrate was plasma sputter cleaned for several minutes. 

[0059] The RF power was reduced until the DC bias voltage was reduced to 60 volts. 
Note, the DC bias level of 60 volts was determined in separate experiments to identify a 
bias vohage that substantially precluded the formation of plasma ions capable of causing 
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a region of a nano-crystalline diamond matrix within a forming film to allotrope when the 
plasma ion collides with the film. 

[0060] Acetylene was introduced into the plasma chamber 10, and the flow rate for 
acetylene was adjusted until the pressure of the system rose to the target value of 20 
microns. It was necessary to re-adjust the RF power while introducing acetylene so as to 
maintain the DC bias voltage at 60 volts. 

[0061] To terminate the deposition, the flow of acetylene was shut off, followed by 
the RF power and the argon flow. The system high vacuum valve can then be closed, the 
system vented to atmospheric pressure, and the substrate removed. 

Example 1 

[0062] A film having a thickness of 40.5 nm was prepared according to the general 
procedure above with a deposition time of 15 minutes. 

Example 2 

[0063] A film having a thickness of 81 .0 nm was prepared according to the general 
procedure above with a deposition time of 30 minutes. 

Example 3 

[0064] A film having a thickness of 121 .5 nm was prepared according to the general 
procedure above with a deposition time of 45 minutes. 

Example 4 

[0065] A film having a thickness of 162.0 nm was prepared according to the general 
procedure above with a deposition time of 60 minutes. 

Example 5 

[0066] A film having a thickness of 486.0 nm was prepared according to the general 
procedure above with a deposition time of 1 80 minutes. 
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[0067] Films of the present invention were scanned with transmitted visible light, and 
the results for a film having a thickness of 40.5 nm is shown in Figure 2. The scan in 
Figure 2 was corrected for the glass substrate, and at this thickness the film is not 
expected to have an appreciable reflection component. The optical density of the film of 
Example 2 was calculated and found to vary, as the light varied fi:om the blue to the red 
end of the spectrum, from a value of 0.089 to 0.022. It was not be determined whether 
the higher optical density at the blue end of the spectrum is due to optical scattering or 
absorption. Since graphite is absent in these films, and since the light transmission 
illustrated in Figure 2 has the characteristic of scattering, it is held likely that scattering is 
the dominant mechanism. 

[0068] When the C-H stretching fi-equency is measured in the infi-ared region, its 
value is influenced by the characteristics of the C-C bonding in the nano-crystalline 
diamond matrix. As a result, measurement of the C-H stretching fi-equency between 
3200 cm'^ and 2800 cm'^ can indicate whether sp\ sp^, or sp^ bonding between carbons 
in a nano-crystalline diamond matrix is present, with sp^ carbon bonding associated with 
the diamond structure. 

[0069] Figures 3 shows an infi:"ared absorption spectrum 32 for the film in Example 3 
and the estimated glass absorption curve 31 in the diamond spectral range. Figures 4 
shows an infi-ared absorption spectrum 33 for the film in Example 4 and the estimated 
glass absorption curve 31 in the diamond spectral range. The C-H stretching peaks at 
2930 cm'' and 2880 cm'' in Figures 3 and 4, show tetragonal carbon bonding. 

[0070] Figure 5 is an infi-ared absorption spectrum for a film of the present invention 
having the non-essential optical background subtracted, and shows the C-H stretching 
peak at 2930 cm"'. Similar to Figures 3 and 4, Figure 5 shows tetragonal carbon bonding. 

[0071] The films of the present invention were examined with an atomic force 
microscope. The atomic force micrographs in Figures 6A and 7A show a 2 fim^ section 
of two films of the present invention. The atomic force micrographs show that the two 
films are polycrystalline with grain sizes fi-om about 10 to about 50 nm in diameter. The 
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atomic force micrographs in Figures 6A and 7A also show that the two films have an 
average root mean square surface roughness of 1.27 nm. 

[0072] A film of the present invention was examined in scanned visible reflective 
light. By analyzing the interference peaks in the reflected light, it was found that the 
index of refraction of the material was about 2.28 near the green portion of the spectrum. 
This number would be expected to be about 2.4 if little or no hydrogen were incorporated 
in the film. 

[0073] Figures 6B and 7B show the height profile of a cross-section of a 2 /xm^ section 
of two films of the present invention. The height profiles in Figures 6B and 7B show that 
the difference between peaks and troughs on the surface of the two films can be less than 
80 angstroms (8.0 nm). 

[0074] The films of Examples 2-5 were found to be insulating, at least at low voltages. 
The electrical breakdown threshold was not determined, but it is expected that it would 
be higher than normal DLC films because the films of the present invention are 
substantially fi-ee of graphite inclusions. 

[0075] The substantial fi-eedom of graphite inclusion in the films was established by 
the infi-ared scans shown in Figures 3-5. In addition, the tunneling electron microscopy 
(TEM) pattern for the films of Examples 2-5 was diffuse circles, and the radius of these 
circles most closely fit the reflection planes of diamond crystallites. The diffuse nature of 
the TEM image was due to the small diamond grain size, and the polymeric content of 
the films probably appeared on this image as a general background. The diffuse circles 
more closely correlated with diamond than graphite. Furthermore, if graphite inclusions 
were a major component of the films, it would be expected that "mounds" or "bumps" 
would be present on the surface of the films since growth of graphite crystallites would 
be thermodynamically favored over growth of diamond crystallites. As discussed above, 
the atomic force microscope image (Figures 6A, 6B, 7A, and 7B) do not show these 
"mounds" or "bumps". These measurements tend to support the infrared scans and 
indicate the films are substantially fi-ee of graphite inclusions. 
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[0076] While various embodiments have been described in detail and by way of 
illustration, it will be understood that various modifications and substitutions may be 
made in the described embodiments without departing from the spirit and scope of the 
invention as defined by the appended claims. 
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